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| PRELIMINARY REPORT ON FLIGHT TESTS OF AN
AIRPLANE EAVING EXHAUST-EEATED WINGS S

Br Lewls A. Rodert, William H. McAvor, and
Lavrence A. Clousing

STUMEARY

Flights nave been made with an alirplane in icing con-
ditions in order to test the effect of exhaust heat applled
to the wings as a means of prevsanting ice formations.

Other ice-preventlion equipment, ineluding esn exhaust gas-
heated pitot—~static head, hot-air-heated windshleld, and
an inflatadle de-icer of recent design, were also tested.

Icing conditions were ancountered in a ransge of air
temperatures from -10° to +32° P, which in certain in-
stances resulted in & higsh rate of ice formation. The use
of exhaust heat on the airplane wlag resulted in success-
Tul 1ce prevention during all tests, ond 1t is concluded
that thie method represents a practical means of ice pre-
ventlon. The use of exhaust heating or the pltot-static
hend prevented ice under all conditlions and appears to De
a satisfactory solutlon to the pltot—-statle hend icing
procien wien applled Jolintly with exhaust wing heating.
The air-hected windshield nlso gave conplete protection
ef2lnst ice or snow on the outslde of the windshleld end
frost on the inzlde, and is believed to revresent a2 praec=—
tical and satisfactory solution to the wirdshlield-icing
provlem. Ice was removed from the horizontal stablilizer
by the inflotadble de~icer under ecortaln icing conditions,
olthouzih under other icinz conditions thse ice was only
partially removed.

INTRODUCTION

Previous research on the prevention of ice on air-
craft, references 1, 2, 3, and 4, and analytic studies of
" the possibllities of the application of exhaust heat as a
mears of preventing the formatlion of lce on vulnerable
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parts of alrplanes, led the NACA to the conclusion that e
fuil—~scale test of exhaust—-ges wing heating and other
types of thermal ice-prevention equipment should be con-
ducted in natural 1lcine conditions. With the cooveration
of the Xatériel Division of the Army Alr Corps, altera-
tions were made on a Lockheed 12A transport airplanse,
whieh irncluded provision for heating the wins with exhaust
gas from the engines and for heating the windshleld with
hot eir.

Inesmuch as the tests were to be made in natural lec-
ing conditions, ice-nreventlion equipment was provided for
other vulnerable parts of the airplane. An exhaust-heated
pltot—-atatic head, alcolol-distrivuting avpparatus for the
propellers, alr preheating for the engine cerburetors, a
windshleld wiper, an ele¢triczlly heanted pltot-static head,
and an 1lnflatable de-icer on the horlzontal -atabillizer were
instalied. .

The tests reported here were condicted along the
Prclific Coast, 1n the regions of San Franclsco, California,
Hedford, Oregon, and Tecoma, Washington. The total flying
time of the alrplaone for the period covered by thils report
-wag €5 hours, of walch 15 hours were in 1lcing conditions.
Succossful searches for icing conditlons 1n these areas
resulted from cooperation with the Weather Bureau, the
Metoeorologlcal Section of the Alr Corps at Hoffett Fleld,
ard Airline operators in the Northern Pecific Coastal re-—
zlon,

EQUIPMENT

X The Lockheed 124 airplane (fig. 1), in wiaich the re-
search was conducted, was equipped with two Pratt and
Whitney 450-~horsepower Wasp Junlor engines, and 8-~foot
10-inch diameter constant—speed propellers. The wings
were nented by pnssing all or nart of the englnes! exhaust
gas throuvgh tubes alons the inside of the wing leanding
edges, Tho quantity of eoxhaust gas passed through the
wving was controlled from the pilots' cockpit. The exhaust
gas was discharged from the wing tube at the wing-tinp
Jolnt into a tip shroud, ord from there to the atmosphere.
Figures 2, 3, 4, 5, 6, and 7 show detalls of the exhaust
heating syetem in the wilng.

In order to assist the transfer of heat from the ex-—
haust duct and the distribution of this heat over the sur-—



face of the wing, alr was taken in through a port on the
ving leading edge near the engine nacelle and passed along
"a circultous route within the wing. After -entering the
leading-edge port, the alr vas passed along the space
formed by the outside of the exhaust tube and the inside
of the wing leading edge. After having been heated, mg a
result of passage along the loading edge of the wing, the
alr was run into the after~portion of the wing and finally
discharged through louvers in the upper surfacc about 30
percont of the chord length ahead of the tralling edge.
The quantlity of air which was pessed through the wing was
controllable from the pilots'! ¢ockpit. Figures &, 9, 10,
and 11 show details of the air circulation system, The
alr-discharge louvers on the upper surface of the wing

and the exhaust dlscharge at the wing tip are shown in
figure 12, The heat was distridbuted over the span between
the engine naceolles and the tips., Termperatures of the ex-
haust gas, gas duct, wing structurs, wing skin, and circu-
lated air were measured in flight by thermocouvnles. Pres-
sures wlthin tho exhaust-duct system were measured at flve
points along the exhaust tube and manifold, Instruments
and equipmont for makling the {t emperature and pressurso
meagsurements are shown in the alrplane cablin in figure 13.

Heated elr for the pllot's windshiocld was taken fronm
the exhaust alr heater of the rlight engin=. The heatod
air was piped to a manifold at the windshiold leading edge,
Detalls of the alr-duct system for the windshield are
shown in figures 14 and 15. A control for the flow of
heated alr through the windshlield was located in the pi-
lots! cockpit., The windshield was composod of two panes

of £%~inch safety glass, spaced i inch apart. Heated alr

flowing between the two glass panes was intended to pro-
vent the formation of ice on the exterior and of frost on
the interior. The exhaust-wing heating system and hot-
alr heating system for the windehleld with the necessary
test apparatus added about 150 pounds to the welght of the
alrplane,

Protection against the formation of ice on the pro-~
pPeller blades vas provided by the distribution of alcohol
froh: s ’'tube-on-each blade extending from the hud along
the blade leading edge, The tubes, which wero made of
rubber, were lashed to the propeller blade near the stag-
natlion pressure line., The propoller anti-icing fluid tudbe
and attachment are-shown in figure 16.



Additional protection of the pilot's windshield was
sought through the use of a rotating windshield wiper.
Alcohol was discharged from the hub of the wiper which was
intended to prevent the formation of ice over the disk
swept by the rotating bPlade. A view of the windshield
wiper 1s shown in figure 17.

Protectlion against 1ce on the pltot-static heads was
obtained by electric heating on the service hcad and by
exhaust heating on 'a head dovelopod ty the laboratory for
nuee in these toeats. The exhaust-heated head 18 shown at-
tached to the wing tip in figure 18. The strut was 1%
inches in diasmetor and 24 inches in length. Bxhaust gas
from the tip shroud was ducted through a tube along the
conter of tho boom out and agalnst the pitot-static hoad,
then back along the annular spacce between the central and
outer tubes to the wing-tip shroud. The power necessary
for the exhaust circulation was obtained from the kinetic
energy of the gas in the tip shroud.

Tho leading edge of the herlzontal stabilizer was
equipped with a Goodrich inflatable de-1cer. The de-icer
was a two-lobo type and was .deslgnod with a rudbber flap
extending from tho de~icer to the rear edge of thoe fairing
strips. The de-icer installation is shown in figure 19.-

No provision was made for the prevention or removal
of 1ce from the vartical fins, propoller sminner, co-
pilot!s windshield, antenna wires and struts, o0il cooling
air-inlet scoop, and the wing leading edge between the en-
gine nacellos and the fuselage,

TESTING MZITHODS
On the baslis of weather forecasts from the U. S.

Weather Bureau and the Wecathur Station of the U, S. Air
Corps at Moffett Field, California, flights wore scheduled
to coincide with atmospheric conditions in which ice would
form., During the fllghts 1n icing conditions, notations
based on visual observaetions and instrument readings were
made. Attempts were made during each icing flight to ma-

neuver the airnleno out of the clouds in order that vphoto-~ .

graphs of varlous parts of the airnlane could be made, o,

The heating equipment for the wings, nitot-static
head, and windshield was started prior to encountering ico



-

during some fllcshts, whlle in others heating was not start-—
ed until after ore~2lghth inch or more had formed oa the
leadins edge of exposod parte. ‘A small telltale strut was
mounted on the right wing on which ice was allowed tc form.
Photographs of the wing and of 1oe on the strut were made
to show in & visual manner the lce protectlon which was
provided for the wing by the heatinq system.

RESULTS AND DISCUSSIOH

The heat which was supplied to the wing by the exhaust
duct along the leading edge successfully prevented the for-
mation of ice on all flights. Filsgures 20, 21, and 22 show
photographs of the wing which were made during icinang
flights, Data which describe tne condltlions encountered
during the flights are shown with the photographs. When
1cing conditlons were encountered with alr temperatures
below O F, a tendency for ice to form around the air 1n-
take " on the wing leading edge was observed. TUnder
8imiler corditions, or whon tae wing eating system was
operated on lsss than full iLeatins c~pacltr, thin sheets
of 1ce about 1/16 inch tzick formed on the wing surface
in the wvicinity of the trelling edce. The nature of the
formation of ice alonz the unprotected wing leadling edge
between the fuselage and englne nacelloc 1s shown in figure
23.

The temperature rise of the ving resulting from the
exheust heatinz veried from adbout 100o P abovo the amblent
2lr along the leading adge to 20° F avove noar the recar
beam, The rear beam on the Lockheed 12A is locatod nlong
tho aileron and flap hinge line. The spanrise temperature
distrioution was satisfactorily uniform, varying approxie

ctely 10° F over the heated span. The wing-tip resgion
vas cbout 10° F hotter than equal chord points near the
en3ine nacelle.

The temperature of the aluminum wing structure nt
critlcal noints anlong the exhkhaust wlaz heanting svatem o8
not above 200° F in ary case, ond not above 100° F in the
case of the wing's primary structural partsas, guch as the
maln beam, The back pressure on the enzine due to the
flow of exhaust gas throuzh the wing duct was less than 2
inches of water at all points in the exhaust manifold and
collector ring. Xo effect on the performance due to the
use of the exhsust wing heating system was observed.



Important factors in the design of exhaust-heating
equipment, in addition to the degree of 1ce protection
afforded, such as corrosion, thermal expansion, failures
resulting from vidbratlion, and increased welght and cost
have been considered. After about 50 hours' flying time,
an 1nspection of the airplane indicated that while the
need for maintenance and repalre had heen found, a remedy
for each defect was not difficult to discover,

The temperature rise of the exhaust~heated pitot-
static head above that of the ambient air was about 65°,
The head position and strut shape employed were desirabdle
from the viewpoint of position error, At ailr speede in
the vicinity of cruising - i,e,, 140 miles per hour and
above, the correction for thils type of resd leozated at the
wing tip, 18 near zero, The preventict of ice on the head
by the use of exhaust heatling, was entirely satlisfactory.

The prevention of 1ce on the pilot's windshield is
illustrated in figure 24, in which the windshield is free
of 1ice. During several flights, ice was allowed to form
before the heat was turned on and it was found that 1ce
could be removed as well as prevented., The windshield
wiper was unsatisfactory because of ice formations on the
blade, as seen through the windshield in figure 24, and
because of uneven alcohol distridbution over the swoept disk
of the wiper, The alr stream lifted the wiper blade off
the glass over a part of the arc of rotation, and 1ice
formed on the glass over this region. It appears that
the windshileld heating as employed in these tests is ade-
quate for protectlon against ice and frosst.

Ice removal was only partilally successful on the hor-
izontal stablilizer on which the inflatable de-~icer had
been installed. It was observed that 1f the ice forma-~
tion was hard and confined to the leading-edge region,
upon inflation of the lobes of the de-icer the ice would
break into many pleces and dlow away. However, i1f the
ice extended rearward over the surface or was inclined to
have a soft consistency, the inflation of the lobes would
break the ice only slightly and much of the ice would re-
main on the wing leading edge. Figures 25 and 26 show
the ice accretion remalning on the leading edge of the
stabllizer after the inflatad'.e de~icer had beon operated
durlng one flight.

Fo preceptible propeller unbalance or lass in power
was experienced during the }cing flights, It should bYe



noted that although anti-lcing propeller equipment was

provided, the speed of the propéllers on the test -airplane
probably was sufficiently high that ice was thrown off ei-~
ther by centrifugal force or melted by merodynamic heatinga

The formation of 1ce on an antenna wire and insulator
is shown 4in figure 27. Greater formations than those
shown in figure 27 vere observed on several flights wlthe
out breakage of antenns wires or 1nsulators. Stranded
stainless—steel antenna wires and rubber straln insulators
are ugsed in the antenna systenm.

DISCUSSION OF THSTS IN ICING CONDITIONS

i The meteorological conditlons during the lcing flights
included varlous types of dlsturtances. Alr temperatures
ranging from -10° to +320 F were recorded, the most severe
icing condition occuring at sbout 25° ¥F. Rime and glaze
lce were observed on the unprotected parts of the airplans,
a8 well as combinations of rime and glaze lce, wilth the
combinations made complex 1ln some tests by the addition of
S8NOW,

Data taken during severe lcing conditions have bsen
confined to observations on the degree of ice protection
afforded by the different components on the alrplane. The
severe icing encountered was sccompanled by violent turdu-
lence, snow—andwralin statlec which stopped radlio communica-
tion, and occasional dangerous electrical discharges., On
March 30, 1941, a series of cold and warm fronts crossed
the Paciflc Coast in the vioinlty of northern California,
which resulted in severe lcing conditions. During this
disturbance the cloud structure was unbroken and extended
from 4000 feet to above 16,000 feet, Ice~prevention tests
were made at an altitude of between 9000 and 10,000 feet,
over which range the alr temperature varied from 229 to
28° ¥, The icing rate and the violence of the turbulence
increased steadlly during the flight. About 5 minutes af-
ter severe icing conditions were encountered, the tests
were terminated because of dengerous flight condltions.

, .The alrplane was struck by an electrical dlscharge which
melted the tralling edge of one propeller blade and the
edges of the airplane structure at several points. The
length of time that the alrnlane was in the condition of
most rapid icing was sufficlent to observe that the wing
and windehield heating system appeared to be adequate. In




this particular storm the wing ice~proveoation systenm was
operating or about 50 vercent of the maxlnmum heetlng cavac—~
ity aveailadlo,. '

CONCLUSIOXNS

l., Uander all condltions of icing encountored in the
flight tosts, satisfactory protoction azainst the forma-
tlona of ice on tho wings of the Lockhecd 12A airplane was
obtained Dy tho use nf heat from tho or3ine oxhaoust.

2, A congidoration of tho welzht of exhaust wirng-
heatiag enulpnont, thac effeccts of theo equipnent on the por-—
formancoe 9f the nirvlare, and the proovlem of rmnaintonanco
of the equivment 1ndicates. that the use of exhaust-heated
vingas has Iimmedizte practlcal pozsibilities.

¢ The use of air heating on the pllot's windsaield
ard exzsust heatling on the pitot-static heed was found to
provide satisfsctory protection agalnst lce on these parts.

Anes Aeronsutlczl Laboratory,
National Advisory Com::ittee Tor Leronsutics,
Moffett Field, Tallfornia.
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Figure 1. - Lockheed 12-A airplane. Alterations were made to a standard
commercial model which include provisions for heating the
wings with exhaust gas, and the windshield with heated air.
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Figure 12. - Three-quarter rear view of airplane, showing location
of air discharge louvers in the wing upper surface and x
exhaust discharge at the wing tip. o
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Sl by
o e e St

Figure 2., - Exhaust tall plpe showlng "Y" and valve systems. When the
valve over the normal discharge opening closes, a butterfly

valve in the elbow opens permitting the exhaust gas
pass through the wing heating tube.

. i

Figure 3. - Exhaust wing heating tube and wing leading edge shown
disassembled.



NACA Figs. 4,5
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Figure 4. -
Exhaust wing heating tube in leading edge showing mounting
ring and spring.

Tip end of wing heating tube, shown disassembled with the

leading edge.



NACA : ' Figs. 8,7

Figure 6. - EESD
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The wing tip and tip shroud. The exhaust discharges from
the opening at the left.,
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The normal exhaust discharge opening and clepper valve.
This valve 1s closed in varying degrees, depending on
the amount of wing heating desired.




NACA Figs. 8,9,10
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Figure 8. - A view of the wing leading edge showing the air intake

port. The opening area of thls port could be varied

during flight by a control located in the pilot's
cockpit.

port.

Figure 10. - Air outlet lbuvérs, locats

Two were employed on each wing, each located about
5 inches ghead of the rear wing beam.



NACA Figs. 11,13
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Figure 11.

Interior view of wing during construction. The position
of the alr discharge louvers are seen on the wlng skin
attached to the back slde as shown in this photograph.

NACA,
AAL-1226

Figure 13.

Temperature and pressure measuring egquipment in Lockheed 12-A
airplane.
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Figure 15, -

Air heated pilots windshield showing the hot air manifold
along the top of the fuselage and the leading edge of
Figure 1). the windshield.

Air duct and valve leading to the windshield hot-air
manifold. This view 1s from the front end of the
fuselage at the baggage door.
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NACA Figs. 16,17

Figure 16.

Propeller anti-icing equipment. A rubber tube, conducting
alcohol, discharges on the blade near the stagnation
pressure line,

Flgure 17.

Rotating windshield wiper mounted on pilot's windshield.



NACA | Figs. 18,19

Figure 18. -

The exhaust heated pitot static hesd.

Figure 19. -

Goodrich inflatable de-icers on the Lockheed 12-A tail
surfaces.



Figure 27. -

NACA
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Figure 20. -

Ice formatlon on the tell-tale strut; wing and pitot-
static head protected from ice formatlon by the use
of exhaust heating.

Data: Airspeed, 140 m. p. h.; altitude, 10,000 to,
12,000 feet; Cumulus clouds; alr temperature, 20 to
260 F.; air, moderately rough; rime ice formation;
estimated rate of icing, 7 inches/hour. The flight
was made in the vicinity of Moffett Field, Calif.

view of the Lockheed tall surface and radio antenna
showing a formatlon on the wire resulting from a

light rime icing condition.
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A photograph taken on an lecin
wing and pitot-static head

Data: rspeed g p.

’
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Figure 21.

flight during which ice was prevented on

the airplane

the use of exhaust heatlng, Ice on tho tell-tale

trut §ives an i ication of the nature_of he {cing condition
A altitude, 8,000 to 15,%00 feet, Cumulus-Ninb %g ilou

eincgerougr n§§B°'

was made between Tacoma, Washington, and the acific Zoast
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Figure 22. -

Tog prevention 9o TRt Mnafionootee’sh %%;As%%SBl%RetBX Forearound TRat.EESD HhS
type of 1ce enco ered
at;- Rirs itud 8
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the Coast Range Mountains.
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Figure 23. | el i A ;‘ e ?-' E
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Ice formation on the wing leading edge between the engine \
AAL-1278

nacelle and the fuselage. The data for this flight
is given on figure 22.

¥

VOVN

g 314



Figure o« = A ylow through the pilot!s windshield during an
& 2 geugn E?egexterigr andsfrogtson the in%egi
e

Interior;
protrud

or.
The low alr temperatures produce

NACA
AAL-1279

Lofg g, The gltsn e, Caee tron

d frost on the co-pilot's winds

ice forming on the exterior. Ice ls seen on the windshield wiper blade

' to windward about an inch.
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Plgure 25. - The inflatable de-icer on the horizontal stabilizer of the Lockheed sirplane after

having been plased in operation, The data for this flight 1s found on figure 21,
- The photograph was taken during the early part of the flight.
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Figure 26. - A photograph of the de-icer on the Lockheed tail which was taken a few minutes

after the photograph shown in figure 25. Residual i1ce remained on the
stabllizer leading edge throughout the flight.
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